Abstract Sperm ultrastructure has been described for several species of Serpentes and other Squamata in which it has been considered a valuable character source for phylogenetic studies. However, some ultrastructural traits have been also reported as adaptations to increase motility and/or longevity under sperm competition and storage conditions. Bothrops alternatus and Bothrops diporus are medium sized, viviparous, highly venomous species, and their reproductive cycles include periods of female sperm storage between mating and fertilization. In this work we provide, for the Wrst time, a detailed ultrastructural description of the spermatozoa of B. alternatus and B. diporus and discuss its possible relation to their reproductive features. Sperm was obtained from the vas deferens, and was processed to obtain transmission electron micrographs and Xuorescence micrographs. Spermatozoa of these species show similar morphological traits, which are closely related to the general model described for the Serpentes. Furthermore, several synapomorphies for the squamates can be identiWed in these cells. Nevertheless, the observed midpiece elongation and absence of dense bodies could augment the energy producing capabilities of the spermatozoa, thus enhancing the competitive aptitude of the ejaculate.
Introduction
Bothrops alternatus and Bothrops diporus (Viperidae, Serpentes) are distributed in southern and eastern Brazil, Paraguay, eastern Bolivia, Uruguay and northern and central Argentina (Campbell and Lamar 1989; Giraudo 2001; Giraudo and Scrocchi 2002) . Both species are medium sized, viviparous and highly venomous. The reproductive cycle of these species begins with the courtship and mating in autumn, whereas the vitelogenesis occurs from early autumn to early spring. Although the presence of mobile spermatozoa in the vas deferens has been found year-round in Bothrops pubescens (Cope, 1870) (Almeida 1999) and Bothrops jararaca (Wied, 1824) (Janeiro-Cinquini et al. 1993) , spermatogenesis has been hypothesized to be prenuptial and to take place from early spring to late summer (Almeida-Santos and Salomão 2002) , as happens in Crotalus durissus (Linné, 1766) (Salomão and Almeida-Santos 2002) . Since ovulation takes place in spring, and copulations are not documented at this time of the year, females are required to store the sperm for a period of approximately 5 months between mating and fertilization (Almeida-Santos and Salomão 2002) . Sperm ultrastructure has been described for several species of Squamata (Giugliano et al. 2002; Jamieson 1999; Oliver et al. 1996; Tavares-Bastos et al. 2002; Teixeira et al. 1999a Teixeira et al. , b, 2002 Ferreira and Dolder 2003; Vieira et al. 2004 ) and several attempts have been made to use sperm ultrastructure for phylogeny inference in the serpent taxa Colubridae, Pythonidae, Elapidae (Jamieson and Koehler 1994; Oliver et al. 1996) , Viperidae (Al-Dokhi 2004) , Typhlopidae (Harding et al. 1995) , and recently Boidae (Tavares-Bastos et al. 2008) . Tourmente et al. (2006) described the spermatozoa of Boa constrictor occidentalis (Philippi, 1873) and proposed some ultrastructural traits as adaptations to increase motility and/or longevity under sperm competition and storage conditions. Since these features are thought to be widespread among the Serpentes in general (Olsson and Madsen 1998; Shine 2003) , and Crotalinae in particular (Schuett 1992; Duvall et al. 1992) , similar spermatozoal characteristics would be expected.
Although recent studies are concerned to the natural history and reproduction of several species of Bothrops (e.g., Almeida-Santos and Salomão 2002; Valdujo et al. 2002; Nogueira et al. 2003; Hartmann et al. 2004; Monteiro et al. 2006) , there is currently no available structural description of the spermatozoa of any species of the Crotalinae group. The aim of our study is to provide, for the Wrst time, a detailed ultrastructural description of the spermatozoa of B. alternatus and B. diporus and to discuss its possible relation to their reproductive features.
The terminology about the taxa that was utilized in the discussion takes the phylogenetic criteria from Vidal and Hedges (2005) and Lee (2005) for the taxa contained within Squamata; Slowinski and Lawson (2002) and Lee et al. (2007) for the taxa termed as within Serpentes; and Silva (2004) for the recognition of B. diporus and B. pubescens as a separate species from the B. neuwiedi (Wagler, 1824) complex.
Materials and methods

Semen collection
Mature spermatozoa were obtained from the caudal portion of the vas deferens of two adult specimens of B. alternatus (Dúmeril, Bibron and Dúmeril, 1854) and two adult specimens of B. diporus (Cope, 1862) (Viperidae, Serpentes) provided by the Center for Applied Zoology (National University of Córdoba), collected in Córdoba Province, Argentina. The specimens were killed by intramuscular injection of a lethal dose of sodium thiopental and then the caudal portion of the vas deferens was removed by dissection. Sperm samples were collected spilling the contents of these sections into sterilized 1.5 ml plastic tubes, and conWrming the presence of spermatozoa under a light microscope.
Spermatozoal morphology
Sperm suspension was diluted at 50% in Phosphate BuVer Saline (PBS 1£). Length of the acrosome, head, midpiece and principal piece was measured under a Zeiss phase contrast microscope coupled to a digital photographic camera (Sony DSCW 50). Image analysis was carried out with the software ImageJ v. 1.37c (NIH, USA). The acrosome was further studied with the acrosome marker Pisum sativum agglutinin labeled with Xuoresceine isothiocyanate (PSA-FITC; Sigma), under a Xuorescence microscopy at 1,000£ as previously described (Giojalas et al. 2004) . Comparisons between species were performed with a non-parametric analysis of variance (Kruskal-Wallis) by means of Infostat-Profesional v.1.5 software (National University of Córdoba, Argentina).
Spermatozoal ultrastructure
Sperm samples were processed as previously described (Tourmente et al. 2006) . BrieXy, the samples were washed twice with PBS and centrifuged for 7 min at 700G. The supernatant was eliminated and the resulting pellet was Wxed for 3 h at room temperature in a 3% glutaraldehyde solution in 0.1 M sodium cacodylate. Subsequently, the samples were postWxed in 1% osmium tetroxide in cacodylate buVer during 2 h at room temperature. The specimens were washed with distilled water and dehydrated in a series of ascending acetone concentrations (50, 70, 90 and 100%), then transferred to a mixture consisting of 50% acetone and 50% Araldite epoxy resin followed by two Wnal steps consisting in 100% resin. The samples were then embedded in Araldite epoxy resin at 60°C for 24-72 h. Ultrathin sections (approximately 60 nm) were mounted on 250 mesh nickel grids, and stained with a saturated solution of uranyl in etanol, and in lead citrate. Finally, the specimens were observed with a Zeiss LEO 906E transmission electron microscope. Ultrastructural morphometry was performed in the micrographs at diVerent magniWcations. (Fig. 1a) and B. diporus (Fig. 1b) are Wliform cells, clearly showing the head, midpiece and tail (principal piece plus endpiece). The head presents a narrow, elongated and slightly curved shape, containing the acrosomal vesicle in its tapered rostral portion, which is evidenced in the agglutinin-labeled preparations as a slender conic structure (Fig. 1c, d ). The elongated midpiece has approximately the same diameter for all its length, which is approximately four to Wve times the length of the head. The principal piece is extremely thin and is the only region of the spermatozoa that does not diVer signiWcantly in length between the two species ( Table 1) .
Results
Spermatozoa of B. alternatus
Ultrastructure of spermatozoa
The following detailed description of the diVerent section of the sperm cell shows that we observed no ultrastructural diVerences between the two species. This high degree of ultrastructural correspondences in sperm ultrastructure allows to provide a single schematic drawing which includes our major Wndings in both species (Fig. 2) .
Acrosomal complex
In both species (Figs. 3a-c, 4a ), the acrosomal complex has a conical and slightly curved shape and is composed by two caps: an external acrosomal vesicle and an internal subacrosomal cone. The acrosomal vesicle constitutes the anterior terminal portion of the spermatozoon, which in B. alternatus is distinctly divided into two portions (Fig. 3a, b) : an internal, moderately electrodense medulla, and an external denser and thinner cortex. Within the medulla, there is a single electrodense perforatorium which extends axially from the anterior region of the subacrosomal cone into the acrosomal vesicle (Fig. 3b) . There is no evidence of the existence of a perforatorial base-plate. In both species, the subacrosomal cone extends posteriorly to the acrosome and has a homogeneous moderately electron-dense appearance. A well-developed epinuclear electron-lucent zone is present from the anterior portion of the nuclear rostrum to the apex of the subacrosomal cone (Figs. 3a, c, 4a ). The basal portion of the subacrosomal cone covers the tapered rostrum of the nucleus, ending at the level of the nuclear shoulders with a posterior-lateral Xange (Figs. 3b, 4a) . 
Nucleus
The nucleus is a cylindrical, slightly curved and highly electrodense structure, composed of homogenous, condensed, chromatin lacking lacunae. The transverse sections of the nucleus reveal a circular shape with a diameter of 0.7 m at its base for both species (Figs. 3d, 4b) . The anterior pole of the nucleus forms a tapered rostrum that enters the subacrosomal cone (Figs. 3b, 4a) . The basal end of the rostrum is marked by slight and rounded nuclear shoulders (Figs. 3b, 4a) . The basal pole of the nucleus holds a semicircular depression, the nuclear fossa, which is associated with the neck elements (Fig. 4c) . . ac Acrosomal cortex, am acrosomal medulla, ax axoneme, cc concave columns, dc distal centriole, ec electrodense collar, fs Wbrous sheath, m mitochondria, ls laminar structure, nf nuclear fossa, nr nuclear rostrum, p perforatorium, pc proximal centriole, pcm pericentriolar material, pf postero-lateral Xange, sc subacrosomal cone
Neck region
This region has a diameter of 0.6 m and forms the junction between the midpiece and the head of the sperm. In both species, it contains the proximal and distal centrioles, the electrodense pericentriolar material, and the dense collar (Figs. 3e,  4c, d ). The proximal centriole is positioned centrally and is surrounded by electrodense pericentriolar material (Figs. 3e, . av Acrosomal vesicle, ax axoneme, cc concave columns, dc distal centriole, ec electrodense collar, elz epinuclear lucent zone, fs Wbrous sheath, ls laminar structure, m mitochondria, n nucleus, nf nuclear fossa, nr nuclear rostrum, pc proximal centriole, pcm pericentriolar material, pf posterolateral Xange, sc subacrosomal cone 4c, d). The anterior half of the proximal centriole is limited bilaterally by a laminar electrodense structure (Figs. 3e, 4c,  d ). This structure extends posteriorly forming thick concave columns, which are continuous with the nine peripheral Wbers (Figs. 3e, 4c, d ). These coarse Wbers are associated with the triplets of the distal centriole. There is no evidence of the presence of electrodense structures within any of the centrioles. The distal centriole forms the basal body of the axoneme and occupies a small segment of the midpiece without projecting into the Wbrous sheath (Figs. 3e, 4c, d ). The distal centriole is surrounded by an electrodense collar that increases its thickness at the middle region of the distal centriole where the thick columns arch inwardly (Figs. 3e, 4c, d ).
Midpiece
The midpiece has a diameter of 0.7 m and consists of mitochondria, and the axoneme surrounded by a Wbrous sheath, which ends at the level of the distal centriole (transversal section in Figs. 3f, 4e; longitudinal section in Figs. 3e, g, 4c-f).
The axoneme is characteristically arranged in a 9 + 2 pattern; each doublet is close to a peripheral (coarse) Wber (transversal section in Figs. 3f, 4e) . The Wbers at doublets 3 and 8 are enlarged, detached from their corresponding doublet, and close to a specialized region of the Wbrous sheath (Figs. 3f,  4e) . In longitudinal section, the Wbrous sheath appears as regularly spaced, approximately square dense blocks (Figs. 3e,  g, 4f) . Externally to the distal centriole and the Wbrous sheath, there is a single layer of mitochondria which have linear cristae, with small mostly circular proWles both in transverse (Figs. 3f, 4e ) and longitudinal (Figs. 3e, g, 4f) sections of the Xagellum. In some longitudinal sections, these proWles can be evidenced as a tight arrangement of zigzagged mitochondria placed spirally along the midpiece (Figs. 3h, 4g ), which makes it very diYcult to determine the total number of mitochondria that exist in a given midpiece. There is no evidence of the presence of electrodense bodies or mitochondrial transformations in the midpiece.
Principal piece
The principal piece starts behind the midpiece and has a diameter of 0.27 m. It is composed of the axoneme, surrounded by the Wbrous sheath and the plasma membrane (Figs. 3i, 4h) . The axoneme has no longer the peripheral Wbers and the Wbrous sheath becomes more slender than in the midpiece (Figs. 3i, 4h ).
Discussion
Spermatozoa of B. alternatus and B. diporus show morphological traits similar to those of the model for the Serpentes described by Oliver et al. (1996) . The spermatozoon of the Serpentes is the only one among the Squamata to feature a great elongation of the midpiece (Jamieson 1999) . The species studied in this work are not an exception to this pattern since the length of this section surpasses approximately Wve times that of the head. The acrosome and head length are also similar to those of other species within the Serpentes taxon (Oliver et al. 1996; Tourmente et al. 2006) . Numerous apomorphic characters in the sperm of Squamata, described in Jamieson (1999) , can also be identiWed in B. alternatus and B. diporus. These are a single, entirely prenuclear, perforatorium, associated with a well-developed subacrosomal cone; absence of endonuclear canals; presence of a conspicuous epinuclear electron lucent zone; the Wbrous sheath surrounding the axoneme penetrating into the midpiece but not into the neck region; the distal centriole is short; the axoneme doublets are associated to nine periaxonemal Wbers at the midpiece but not in the principal piece; at doublets 3 and 8 the periaxonemal Wbers are enlarged, constituting each one a double structure apposed to a specialized region of the Wbrous sheath and linear mitochondrial cristae.
In the majority of species belonging to Serpentes, the electron-dense collar surrounding the distal centriole was suggested to be developed from a transformation of one or more proximal intermitochondrial dense bodies (Oliver et al. 1996; Jamieson 1999) ; the collar is also observed in B. alternatus and B. diporus. On the other hand, intermitochondrial dense bodies outside the neck region, a notable apomorphy of the Squamata, could not be observed in the studied species. In most analyzed Squamata species not grouped within Serpentes, these structures have highly deWned shapes and form regular series interloped with the mitochondria (Giugliano et al. 2002; Tavares-Bastos et al. 2002; Teixeira et al. 1999a Teixeira et al. , b, 2002 Ferreira and Dolder 2003; Vieira et al. 2004) , while in Serpentes, these structures are irregularly distributed along the midpiece without showing a deWned shape (Oliver et al. 1996) .
The signiWcantly elongated midpiece and the absence of a developed perforatorial base-plate, constitute autapomorphies of the spermatozoa of the Serpentes (Jamieson 1999; Oliver et al. 1996) , all of which are present in the spermatozoa of B. alternatus and B. diporus. Conversely, the characteristic multilaminar membranes or extracellular tubules evidenced in other species belonging to the Serpentes group (Jamieson and Koehler 1994; Oliver et al. 1996; Harding et al. 1995) could not be observed in the species analyzed in this study. There is no evidence of a zone of Wnely granular cytoplasm at the commencement of the principal piece as such as observed in some other Squamata species (Teixeira et al. 1999a; Giugliano et al. 2002) .
Most species in the Serpentes taxon show promiscuous mating systems (Shine 2003; Duvall et al. 1992) , pro-longed copulations and high gonado-somatic indexes (Olsson and Madsen 1998) that could indicate the existence of sperm competition in this group. It has been demonstrated that long term sperm storage (LTSS), by means of uterine muscular twisting, is an obligatory component of reproduction in the Bothrops species due to temporal dissociation of mating (autumn) and ovulation (spring) (AlmeidaSantos and Salomão 2002; Hartmann et al. 2004; Monteiro et al. 2006) . Such conditions would facilitate cryptic female choice and sperm competition (Olsson and Madsen 1998) .
An increase in the volume of the midpiece related to high levels of sperm competition has been evidenced in shorebirds (Johnson and Briskie 1999) and primates (Anderson and Dixson 2002) . Moreover, the elongated midpiece, which is approximately 12 times longer in B. alternatus and B. diporus than in several studied Squamata species (Giugliano et al. 2002; Tavares-Bastos et al. 2002; Teixeira et al. 1999b Teixeira et al. , 2002 Vieira et al. 2004 ) was suggested to be a possible structural adaptation for sperm competition conditions (Tourmente et al. 2006) . It is worth to be noted that the midpiece of B. alternatus and B. diporus is approximately 20% longer than in the species analyzed in the former work (Tourmente et al. 2006) . Furthermore, the absence of dense bodies, which appear to be mitochondrial transformations and are large and abundant in other Squamata (Oliver et al. 1996; Jamieson 1999) would result in a higher proportion of functional mitochondria and the increase in the midpiece length would imply an expansion of the mitochondrial volume (Tourmente et al. 2006) . As a consequence of midpiece elongation and absence of dense bodies, the energy producing capabilities of the spermatozoa, which are related to motility and longevity, would be highly augmented. Since sperm production has relatively high energetic costs for vipers (Olsson et al. 1997 ) and the seasonal timing of spermatogenesis could be signiWcantly constrained by warm temperatures availability (Aldridge 1975 (Aldridge , 1979 , an increase in amount or duration of the energetic output for each individual spermatozoon could greatly enhance the competitive aptitude of the ejaculate.
